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Reverse-Genetic Analysis of the Two Biotin-Containing
Subunit Genes of the Heteromeric Acetyl-Coenzyme A
Carboxylase in Arabidopsis Indicates a Unidirectional
Functional Redundancy1[C][W][OA]
Xu Li2, Hilal Ilarslan, Libuse Brachova, Hui-Rong Qian3, Ling Li, Ping Che4,
Eve Syrkin Wurtele, and Basil J. Nikolau*
Department of Biochemistry, Biophysics, and Molecular Biology (X.L., L.B., P.C., B.J.N.), Department of
Genetics, Development, and Cell Biology (H.I., H.-R.Q., L.L., E.S.W.), and Center for Biorenewable Chemicals
(E.S.W., B.J.N.), Iowa State University, Ames, Iowa 50011
The heteromeric acetyl-coenzyme A carboxylase catalyzes the first and committed reaction of de novo fatty acid biosynthesis
in plastids. This enzyme is composed of four subunits: biotin carboxyl-carrier protein (BCCP), biotin carboxylase,
a-carboxyltransferase, and b-carboxyltransferase. With the exception of BCCP, single-copy genes encode these subunits in
Arabidopsis (Arabidopsis thaliana). Reverse-genetic approaches were used to individually investigate the physiological
significance of the two paralogous BCCP-coding genes, CAC1A (At5g16390, codes for BCCP1) and CAC1B (At5g15530, codes
for BCCP2). Transfer DNA insertional alleles that completely eliminate the accumulation of BCCP2 have no perceptible effect
on plant growth, development, and fatty acid accumulation. In contrast, transfer DNA insertional null allele of the CAC1A
gene is embryo lethal and deleteriously affects pollen development and germination. During seed development the effect of
the cac1a null allele first becomes apparent at 3-d after flowering, when the synchronous development of the endosperm and
embryo is disrupted. Characterization of CAC1A antisense plants showed that reducing BCCP1 accumulation to 35% of wild-
type levels, decreases fatty acid accumulation and severely affects normal vegetative plant growth. Detailed expression
analysis by a suite of approaches including in situ RNA hybridization, promoter:reporter transgene expression, and
quantitative western blotting reveal that the expression of CAC1B is limited to a subset of the CAC1A-expressing tissues, and
CAC1B expression levels are only about one-fifth of CAC1A expression levels. Therefore, a likely explanation for the observed
unidirectional redundancy between these two paralogous genes is that whereas the BCCP1 protein can compensate for the lack
of BCCP2, the absence of BCCP1 cannot be tolerated as BCCP2 levels are not sufficient to support heteromeric acetyl-coenzyme
A carboxylase activity at a level that is required for normal growth and development.
Fatty acids have multiple functions in plant biology
(Wallis and Browse, 2002). Most critical of these is
probably their universal function as the building blocks
of the membranes that physically divide all subcellular
and cellular compartments (Bloom et al., 1991). These
membranes not only serve as barriers, but they also
serve as the matrix upon which important metabolic
processes are organized (e.g. photosynthesis and oxi-
dative respiration). Additional functions of fatty acids
occur more discretely in more specialized compart-
ments. Examples of these include their use in the
assembly of triacylglycerol molecules, which act as
carbon and energy reserves in seeds, their use in the
assembly of the cuticle (Martin and Juniper, 1970; Post-
Beittenmiller, 1996; Kunst and Samuels, 2003), which is
the outermost barrier that terrestrial plants present to
the abiotic world, and their use in the biosynthesis
and assembly of a wide variety of signaling molecules
(Shah, 2005), such as jasmonic acid (Liechti and Farmer,
2002; Wasternack and Hause, 2002), sphingolipids
(Sperling and Heinz, 2003; Worrall et al., 2003), phos-
phatidylinositols (Mueller-Roeber and Pical, 2002), and
phospholipase D-derived phospholipids (Wang, 2002).
Plants synthesize a wide variety of different fatty
acids, which differ in their carbon chain lengths. Two
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biosynthetic machineries that synthesize these fatty
acids are distributed among at least two subcellular
compartments, the plastids and the cytosol. Although
distinct enzyme systems catalyze these reactions of
fatty acid biosynthesis, in both compartments, a sim-
ilar series of iterative reactions extend the length of the
acyl chain by two-carbon atoms per cycle usingmalonyl-
CoA as the donor of the extending carbon atoms. In
plastids, a type II fatty acid synthase, primed with
acetyl-CoA, produces fatty acids of up to 18-carbon
chain length. In these reactions the acyl intermediates
are esterified to acyl-carrier protein (Ohlrogge et al.,
1993; Ohlrogge and Browse, 1995). In the cytosol, 18-
carbon acyl-CoAs are elongated by a partially charac-
terized fatty acid elongase, to chain lengths of up to 36
carbons (Leonard et al., 2004).
The malonyl-CoA that is required for these two fatty
acid biosynthetic processes is generated by acetyl-CoA
carboxylase (ACCase; EC 6.4.1.2), which catalyzes the
ATP-dependent carboxylation of acetyl-CoA. Two sub-
cellular distinct forms of ACCase occur in plants, one
in plastids and one in the cytosol (Nikolau et al., 2003).
In most plants (with the exception of the Graminae),
the plastidic ACCase has a heteromeric quaternary
structure, and the cytosolic isoform has a homomeric
structure (Konishi and Sasaki, 1994; Konishi et al.,
1996). Plant homomeric ACCase (hmACCase) is homol-
ogous to the animal and yeast (Saccharomyces cerevisiae)
enzymes, and in Arabidopsis (Arabidopsis thaliana),
two genes code for this isozyme, ACC1 and ACC2
(Roesler et al., 1994; Yanai et al., 1995).
The heteromeric ACCase (htACCase) is composed
of four subunits, and is analogous to the bacterial
enzyme (Cronan and Waldrop, 2002; Nikolau et al.,
2003). Three of these subunits are nuclear encoded,
biotin carboxyl-carrier protein (BCCP), biotin carbox-
ylase (BC), a-carboxyltransferase (a-CT), and the fourth
subunit is plastome-encoded, b-carboxyltransferase
(b-CT). In most plants, the htACCase subunits are
encoded by a small family of genes (Shorrosh et al.,
1995, 1996; Elborough et al., 1996; Reverdatto et al.,
1999; Mekhedov et al., 2000); in Arabidopsis, this gene
redundancy is minimized. Thus, single-copy genes
encode BC (CAC2, At5g35360; Shorrosh et al., 1995; Bao
et al., 1997; Sun et al., 1997), a-CT (CAC3, At2g38040;
Shorrosh et al., 1996; Ke et al., 2000b), and b-CT (accD,
AtCg00500; Sasaki et al., 1993; Ke et al., 2000b), but
there are two BCCP-coding genes: CAC1A (At5g16390)
codes for BCCP1, and CAC1B (At5g15530) codes for
BCCP2 (Choi et al., 1995; Ke et al., 1997; Thelen et al.,
2001). CAC1A and CAC1B genes are located within
0.32 Mb of each other on chromosome 5.
As may be expected for a multicomponent enzyme
system, the htACCase subunit genes are expressed in a
spatially and temporally coordinated manner. This has
been demonstrated for the analogous enzyme in Esch-
erichia coli (Cronan and Waldrop, 2002), and by de-
tailed in situ hybridization studies of four mRNAs
coding for the htACCase subunit genes, CAC1A,
CAC2, CAC3, and accD (Ke et al., 2000b). Indeed,
similar studies have shown that this pattern of gene ex-
pression extends to the metabolic network associated
with acetyl-CoA generation and commitment of carbon
for de novo fatty acid biosynthesis (Ke et al., 2000a).
Specifically, these studies indicate that htACCase
shows an expression pattern that is consistent with its
role in de novo fatty acid biosynthesis, being ex-
pressed at high levels in cells and tissues that hyper-
accumulate fatty acids. These tissues include cells of
young expanding seedlings that are depositing mem-
brane lipids to accommodate cellular growth and em-
bryonic cells at the time when seed oil reserves are
being deposited. These detailed expression studies,
coupled with global RNA-profiling studies (Girke et al.,
2000; Mentzen et al., 2008), indicate that the expres-
sion of the htACCase subunit genes may be part of a
regulon that encompasses the fatty acid biosynthesis
metabolic network.
The discovery that Arabidopsis expresses two pa-
ralogs of the BCCP subunit, which share relatively low
sequence similarity (42% amino acid identity) and
show distinct patterns of expression (Thelen et al.,
2001), opens the possibility of novel mechanisms by
which htACCase expression may be regulated, with
consequential effects on fatty acid biosynthesis. In-
deed, the ectopic alteration of the pattern of BCCP2
expression by antisense and sense RNA technology
appears to affect htACCase expression; however, the
effect on fatty acid accumulation is more complex
(Thelen and Ohlrogge, 2002a; Chen et al., 2009). Spe-
cifically, reducing BCCP2 expression with an antisense
transgene did not affect normal growth of the plant but
slightly reduced the accumulation of oil in the seeds
(Thelen and Ohlrogge, 2002a), and Chen et al. (2009)
showed that ectopic expression of the BCCP2 subunit
with the 35S promoter affected the growth of the
vegetative organs of the plant.
In this study, we investigated the biochemical and
physiological significance of the two paralogous
BCCP-coding genes by identifying and characterizing
transfer DNA (T-DNA) knockout alleles of each gene
and reducing the accumulation of the BCCP1 protein
with antisense RNA technology. These characteriza-
tions indicate that the htACCase is essential for plant
seed development and that BCCP1 is an essential sub-
unit for htACCase, but BCCP2 appears to be redun-
dant and dispensable to BCCP1. This unidirectional
redundancy between these two paralogous subunits ap-
pears to be due to the fact that BCCP1 subunit accu-
mulation prevails over BCCP2.
RESULTS
Identification of T-DNA Knockout Mutants for BCCP
Subunit Genes
To understand the physiological significance of the
two BCCP subunit isoforms, we identified and char-
acterized eight CAC1A and two CAC1B T-DNA-tagged
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mutant allele stocks (Supplemental Table S1). All but
one of these alleles were identified by searching SALK
Insertion Sequence Database (http://signal.salk.edu/
cgi-bin/tdnaexpress; Alonso et al., 2003), and the one
exception was isolated from the T-DNA insertion lines
of Arabidopsis Knockout facility at University of
Wisconsin-Madison (Sussman et al., 2000). To authen-
ticate the identity of the mutant alleles and deduce
their molecular structure and their inheritance, plant
genomic DNA sequences flanking the T-DNA borders
were amplified from individual progeny plants from
each mutant stock, and these were sequenced. The
molecular structure of the mutant alleles was deduced
by aligning these flanking DNA sequences with the
Arabidopsis genome sequence.
Of the eight cac1a alleles that were analyzed, only
the cac1a-1 allele, isolated from the Wisconsin T-DNA
collection, proved useful in these experiments. The
insertion in this allele carries chimeric T-DNAs, in
head-to-head arrangement, so that both ends of the
insert have outward-facing T-DNA left-border (LB)
sequences. The insertion is located in the first intron of
CAC1A gene (Fig. 1A), and there is a 4-nucleotide
deletion of genomic DNA at the insertion site. Two
cac1b alleles were similarly characterized. In the case of
the cac1b-1 allele (SALK_056228), the LB end of the
T-DNA is located in the third intron of the gene (Fig.
1B). For the cac1b-2 allele (SALK_070569), the T-DNA
is inserted at the first exon of the gene, where a 64-
nucleotide deletion has occurred in association with
the insertion (Fig. 1B). Details of the other mutant
alleles that were investigated but proved not to be
useful in these experiments are summarized in Sup-
plemental Table S1.
The cac1a-1 Allele Is Recessive Lethal, But the Two cac1b
Alleles Are Viable
As the first step in characterizing loss-of-function
mutants, segregation analyses were conducted on
progeny from individual heterozygous mutant plants.
Seeds were sown on Murashige and Skoog media and
the genotype of the progeny seedlings determined by
PCR-based assays. For the cac1a-1 allele, 252 progeny
from seven heterozygous plants of four sequentially
selfed generations were analyzed, and only heterozy-
gous or wild-type progeny were recovered; homozy-
gous mutant plants were never recovered (Table I).
Hence, cac1a-1 appears to be recessive lethal. In the
siliques of cac1a-1 heterozygous plants approximately
20% of the fertilized seeds aborted during develop-
ment, whereas only 2% of the seeds aborted in the
siliques of the wild-type siblings grown in parallel to
the mutant line (Table II; Fig. 2, A–D). Therefore, we
deduce that the increased proportion of aborted seeds
in the siliques from heterozygous mutant plants is due
to homozygous mutant embryos (genotype: cac1a-1/
cac1a-1).
In contrast, homozygous mutant plants were recov-
ered for both cac1b-1 and cac1b-2 alleles, and both
alleles were inherited in a normal, 1:2:1 Mendelian
ratio (Table I). The cac1b-1 and cac1b-2 mutants were
grown in soil, side by side with wild-type sibling
plants at 22C with 24-h continuous illumination. In
these growth conditions, the two cac1b mutants are
indistinguishable in their growth habits from wild-
type plants. Siliques from each cac1bmutant as well as
wild-type plants were dissected and examined by
stereomicroscopy. The seeds in siliques from either
cac1b-1 or cac1b-2 mutant are indistinguishable from
that of wild-type plants (Fig. 2, E–G). Western-blot
analysis of protein extracts from a mixture of flowers
and flower buds using BCCP2-specific antibody (see
Supplemental Fig. S3) shows that while the BCCP2
protein is readily detectable in the wild-type control, it
is undetectable in either the cac1b-1 or cac1b-2 homo-
zygous mutants (Fig. 3). Therefore, these two cac1b
alleles are apparently null alleles, but plants that lack
the BCCP2 protein are completely viable. It should be
noted that although in the stated condition we were
unable to detect any morphological difference be-
tween cac1b mutants and their wild-type siblings,
this does not imply the CAC1B gene has no function.
This functionality will become apparent when cac1b
mutant plants are placed in conditions where this
function becomes limiting.
Genetic Complementation of the cac1a-1 Mutant
Genetic complementation was used to test whether
the embryo-lethal phenotype associated with the
Figure 1. Molecular structure of the cac1a-1, cac1b-1, and cac1b-2
mutant alleles. Exons are represented by black boxes, introns are
represented by white boxes, and untranslated regions are represented
by gray boxes. Arrows indicate the position of the PCR primers used to
characterize each allele. A, In the cac1a-1 allele, the insertion is
located in the first intron of the gene and consists of chimeric T-DNAs,
in a head-to-head arrangement, so that both ends of the insert have
outward-facing LB sequences. B, T-DNA insertions in the cac1b-1
(SALK_056228) and cac1b-2 (SALK_070569) alleles are located in the
third intron and the first exon, respectively.
BCCP-Coding Genes of Heteromeric ACCase
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cac1a-1 allele is due to loss of CAC1A gene function. To
conduct this experiment, a 4.5-kb Arabidopsis geno-
mic fragment containing the CAC1A gene was trans-
formed into heterozygous cac1a-1 plants using the
plant transformation vector, pCAMBIA3300 (www.
cambia.org). Because this transformation vector car-
ries the bar gene that confers glufosinate resistance
(Supplemental Fig. S1C), and the T-DNA of the cac1a-1
allele carries an NPTII gene that confers kanamycin
resistance (Supplemental Fig. S1B), it was readily pos-
sible to simultaneously select for transgenic plants that
carried both the ectopic wild-type CAC1A allele and
the mutant cac1a-1 allele by resistance to glufosinate
and kanamycin, respectively. To molecularly confirm
the genotype of these selected transgenic plants, gene-
specific primers flanking the T-DNA insertion site of
cac1a-1 allele were designed with one primer residing
in the genome region beyond the 4.5-kb fragment used
for genetic complementation (Supplemental Fig. S1A),
so that the endogenous genomic CAC1A allele can be
distinguished from the ectopic copy carried by the
transformed DNA fragment (Supplemental Fig. S1C).
Of 48 T2 generation plants, which were propagated
from three independent T1 transgenic lines that were
both glufosinate and kanamycin resistant, we were
able to recover 14 T2 plants homozygous for cac1a-1
allele, which also carried the ectopic CAC1A transgene
allele. The fact that these cac1a-1 homozygous plants
successfully developed through embryogenesis estab-
lished that the ectopic transgenic CAC1A allele genet-
ically complemented the embryo-lethal phenotype
associated with the cac1a-1 allele. Therefore, this ge-
netic complementation demonstrates that the cac1a-1
allele is a loss-of-function allele and is responsible for
the embryo-lethal phenotype.
Effect of the cac1a-1 Allele on Embryo and
Endosperm Development
To establish the ontology of the cac1a-associated
embryo-lethal phenotype, developing ovules on cac1a-1
heterozygous plants and wild-type siblings were exam-
ined by confocal and scanning electron microscopy
(SEM) at different stages after flowering (Fig. 4). Siliques
from the middle of the bolt were sampled at flower
opening and at 1, 3, 5, and 7 d after flowering (DAF). At
each developmental stage, 10 siliques from each geno-
type were cleared and examined by confocal micros-
copy (i.e. over 150 ovules of each genotype were
examined at each developmental stage). In parallel, at
each developmental stage, 75 embryos harvested from
10 siliques of either wild-type or heterozygous cac1a-1
siblings were examined by SEM.
During the initial stages of seed development, the
ovules and the enclosed embryos of both genotypes
are indistinguishable (data not shown). Namely,
ovules had a normal-appearing eight-nucleate mega-
gametophyte, composed of an egg cell, two synergids,
two polar nuclei, and three chalazal antipodals.
Fertilization-associated events, including movement
of the sperm nucleus within the egg cell, synergid
degeneration, and fusion of the polar nuclei that are
positioned near the egg cell at the time of double fer-
tilization all proceeded normally. In post-fertilization
ovules, the zygotes and embryos were indistinguish-
able between the two genotypes through the 16-cell
globular stage of development.
However, starting from 3 DAF, about 20% of the
fertilized ovules on the cac1a-1 heterozygous parent
develop aberrantly and ultimately fail to produce
viable seeds. We infer that these nonviable ovules are
homozygous for the cac1a-1mutant allele. The specific
differences that develop between these homozygous
Table I. Segregation analysis of T-DNA-tagged alleles
Genotypes of progeny from heterozygous parents were determined by PCR-based assays.




cac1a-1/CAC1A 143 11.16 0.0008
CAC1A/CAC1A 109
cac1b-1b (SALK_056228) cac1b-1/cac1b-1 48
cac1b-1/CAC1B 95 0.01 0.995
CAC1B/CAC1B 47
cac1b-2c (SALK_070569) cac1b-2/cac1b-2 56
cac1b-2/CAC1B 79 4.40 0.11
CAC1B/CAC1B 41
aData were collected from seven individual heterozygous parents. bData were collected from three
individual heterozygous parents. cData were collected from three individual heterozygous parents.
Table II. Number of aborted seeds in siliques from heterozygous
cac1a-1 and wild-type sibling plants
For each genotype, 10 siliques from each of 10 individual sibling
plants were examined. Therefore, in total, 100 siliques of each
genotype were examined. x2 test shows that the difference between
the two proportions is statistically significant (P value , 0.001).
Genotype Aborted Normal Total
cac1a-1/CAC1A 551 (18.5%) 2,429 (81.5%) 2,980
CAC1A/CAC1A 70 (2.1%) 3,245 (97.9%) 3,315
Li et al.
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mutant seeds and the wild-type siblings are illustrated
in the images shown in Figure 4.
Starting at 3 DAF, the homozygous cac1a-1 embryos
(i.e. about one-fifth of the embryos on heterozygous
cac1a-1 plants) begin to show distinct differences from
those on wild-type sibling plants. Wild-type embryos
are at the 32-cell globular stage (Fig. 4, A and D),
whereas mutant embryos are lagging behind and are
at the four- or 16-cell stage (Fig. 4, B and C). Despite
the slower rate of cell division, the cells of the pre-
sumed mutant embryos are indistinguishable from
those of the wild type, by confocal (Fig. 4, A–C) or light
microscopy (LM; data not shown). In contrast, cells of
the endosperm are different. In wild-type ovules,
endosperm nuclei are largely coenocytic, but are un-
dergoing nuclei divisions, and forming the cellular
connections between sister and nonsister nuclei that
ultimately leads to cellularization (Fig. 4, D, G, and J);
however, endosperm nuclei of presumed mutant
ovules are lagging in nuclear division (Fig. 4, E, F, H, I,
K, and L), and there are fewer and less-regular cellular
connections between sister and nonsister nuclei (Fig. 4,
H and I, as compared with G).
By 5 DAF, wild-type embryos show the polarization
associated with formation of the root and shoot apex
(i.e. they are heart staged; Fig. 4, M and P). In contrast,
the cac1a-1 aberrant embryos are still at the globular
stage, and the cells of these embryos have become
highly vacuolated (Fig. 4, N, O, Q, and R); in some
cases, the embryo sac that contains these aberrant
embryos has collapsed (Fig. 4O). The majority of the
endosperm of 5-DAF wild-type plants has cellularized
(Fig. 4P). In contrast, the endosperm of the aberrant
ovules remains predominantly uncellularized (Fig. 4,
Q and R). Abnormal nonradial microtubular-like struc-
tures may be present, but few phragmoplasts have
formed, and cell wall is rarely deposited (Fig. 4Q, left
side shows a few cellularized endosperm cells). Cyto-
kinesis is defective as judged by the paucity of en-
dosperm nuclei (Fig. 4N), and of the nuclei that are
present, many appear aberrant, degenerated, or mul-
tinucleate (Fig. 4, Q and R).
By 7 DAF, whereas normal embryos are at the
torpedo stage (Fig. 4S), with cellularized endosperm
(Fig. 4, S and V), the aberrant embryos that occur on
cac1a-1 siblings lag behind in development, being at
Figure 2. Mutations in the CAC1A gene, but not in the CAC1B gene,
show a seed abortion phenotype. Stereomicrographs (A, B, E–G) and
scanning electron micrographs (C and D) of siliques at 9 DAF from
sibling wild-type and mutant plants that were grown side by side.
Bars = 350 mm (A, B, E–G); 100 mm (C and D). Seeds developing in
siliques of wild-type (A and C) or sibling plants that are heterozygous
for the cac1a-1 allele (B and D). White arrows identify aborted seeds,
and yellow arrows identify nonfertilized ovules. Regardless of the allele
carried at the CAC1B locus (homozygous wild-type [E], cac1b-1 [F], or
cac1b-2 [G]), seeds develop normally.
Figure 3. Effect of cac1b mutations on the accumulation of the
htACCase subunits. Protein extracts from a mixture of flowers and
flower buds were prepared fromwild-type (WT), cac1b-1 homozygous,
or cac1b-2 homozygous plants. Each lane was loaded with extracts
containing 200 mg of total protein. Specific antisera were used to detect
five htACCase subunits. In addition, streptavidin was used to detect
biotinylated BCCP1 and biotinylated BCCP2 subunits. The mitochon-
drial MCCase subunit A was detected by its specific antibody and
served as an internal control.
BCCP-Coding Genes of Heteromeric ACCase
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Figure 4. Effect of the cac1a-1 mutation on embryo and endosperm development. Developing ovules and embryos were
examined by CSLM (A–C, J–O, S–U) and SEM (D–I, P–R, V–X), at 3 DAF (A–L), 5 DAF (M–R), and 7 DAF (S–X). em, Embryo; en,
endosperm; s, suspensor; oi, outer integument; ii, inner integument; ph, phragmoplasts; cw, cell wall; den, degenerated
endosperm. As labeled, the development of the ovules and embryos were compared on sibling plants that were grown side by
side, but carried either wild-type alleles at the CAC1A locus (WT) or were heterozygous for the cac1a-1 allele (cac1a). As
described in the “Materials andMethods,” for CSLM, flowers and siliques were fixed, cleared, and the enclosed ovules examined
in the intact organs. For SEM, collected flowers and siliques were fixed with glutaraldehyde/paraformaldehyde, post fixed in
OsO4, and following dehydration and drying, the ovules were fractured and examined. A to L, At 3 DAF, aberrations in ovule
development are apparent in plants carrying the cac1a-1 allele. In wild-type plants, the embryos (em) are at the 32-cell stage,
whereas in cac1a-1 plants 16-cell (B) and four-cell (C) embryos are present. Formation of cellular connections between sister and
nonsister nuclei has begun to take place in the endosperm (en) of wild-type plants (D, G, J), but this process is delayed and less
regular in aberrant ovules of cac1a-1 plants (E, F, H, I, K, L). Bars = 50 mm (A–C, J–L); or 10 mm (D–I). M to R, At 5 DAF,
aberrations in ovule development become more apparent in plants carrying the cac1a-1 allele. Wild-type embryos are at the
heart stage of development (M) and the endosperm has begun to cellularize (P). In cac1a-1 plants, the aberrantly developing
ovules have globular embryos with highly vacuolated cells (N and O). In the most severely aberrant ovules, the embryo sac has
collapsed (O). Endosperm is uncellularized or aberrantly cellularized and sometimes degenerated (den; Q and R). Bars = 50 mm
(M–O); 10 mm (P–R). S to X, At 7 DAF, the aberrant ovules in the cac1a-1 plants have ceased development at the globular or heart
stages (T and U), the endosperm is degenerated, and the embryo sacs are often collapsed (W and X). In contrast, in the wild-type
siblings the embryos are at the torpedo stage (S) and the endosperm is fully cellularized (V). Bars = 50 mm (S–U); 10 mm (V–X).
Li et al.
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the heart or globular stage (Fig. 4, T and U). Moreover,
in most ovules, the embryo sac has collapsed, and the
embryo cells appear devoid of nuclei (Fig. 4, T and U).
These dramatic differences in embryo morphology are
associated with abnormal endosperm development
(Fig. 4, W and X). The endosperm has not cellularized
and appears very abnormal. Unlike the endosperm at
5 DAF, almost no normal-appearing endosperm nuclei
or cells are present. Irregular cytoplasmic structures
reminiscent of cell wall deposition may exist but
appear to be degenerating (Fig. 4W) or have degen-
erated (Fig. 4X).
cac1a-1 Allele Reduces Male Gamete Transmission
The inheritance of the cac1a-1 allele indicates that
the CAC1A function may be required for the normal
development of gametophytes. For a recessive embryo-
lethal mutant, only heterozygous or wild-type prog-
eny should be recovered from heterozygous plants,
at a ratio of 2:1. In the case of the cac1a-1 allele, al-
though only heterozygous (CAC1A/cac1a-1) or wild-
type (CAC1A/CAC1A) progeny were recovered, they
were recovered at a ratio of 143:109 (Table I). Because
the observed deviation from the expected 2:1 ratio is
Figure 4. (Continued.)
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statistically significant (x2 test, P value , 0.001), these
data indicate that the cac1a-1 allele is poorly transmit-
ted through gametogenesis.
To determine whether transmission of the cac1a-1
allele is impaired through the male or female gametes,
we crossed heterozygous mutant plants as either males
or females (genotype CAC1A/cac1a-1) with wild-type
plants (genotype CAC1A/CAC1A), and the genotypes
of the progeny from these crosses were scored by PCR
analysis (Table III). In the crosses where the cac1a-1
allele was transmitted through the female gamete, it
was recovered at a rate that is indistinguishable from
that of the CAC1A allele (i.e. heterozygous and wild-
type progeny were recovered at a ratio that is sta-
tistically indistinguishable from 1:1). However, in
the crosses where the cac1a-1 allele was transmitted
through the male gamete, transmission of the mutant
allele is significantly reduced in comparison with the
wild-type allele, resulting in progeny that were 30%
heterozygous and 70% wild type. These data establish
that transmission of the cac1a-1 allele is reduced
through male gametogenesis.
Effect of the cac1a-1 Allele on Morphology and
Germination of Pollen Grains and on Pollen
Tube Growth
The morphology of pollen grains was examined
to further characterize the reduced transmission of
the cac1a-1 allele through male gametes. Pollen grains
were collected from sibling wild-type (CAC1A/
CAC1A) and heterozygous mutant plants (CAC1A/
cac1a-1) and examined by SEM (Fig. 5). Approximately
20% to 30% of the pollen grains collected from hetero-
zygous mutant plants have an aberrant shape (Fig. 5B,
arrows). On these abnormally shaped pollen grains,
the exine is abnormally smooth around the aperture
area (the aperture is the spot on the pollen grain
where the pollen tube will expand from upon germi-
nation of the pollen grain). Such aberrant pollen grains
are not recovered from the sibling wild-type plants
(Fig. 5A).
To investigate whether the cac1a-1 allele affects the
functionality of the pollen, pollen grains were col-
lected from heterozygous (CAC1A/cac1a-1) and wild-
type (CAC1A/CAC1A) sibling plants and germinated
in vitro. Twenty-hours later, the germinated pollen
were examined and classified as germinated normally,
not germinated, or burst (Fig. 5F). While 90% of the
pollen fromwild-type plants germinate normally, only
60% of the pollen from cac1a-1 heterozygous sibling
plants germinate normally. Concomitantly, there is an
increased percentage of pollen grains from these het-
erozygous plants that either fail to germinate (about
30%), or if germinated, the elongating pollen tube
bursts during elongation (about 6%). In contrast, the
percentage of nongerminated pollen grains or burst
pollen tubes is significantly lower (about 9% and 0.9%,
respectively) for pollen collected from wild-type sib-
ling plants.
We expanded the characterization of the cac1a-1-
associated pollen phenotype by observing and con-
trasting the in planta germination of pollen grains and
expanding pollen tubes on pistils of heterozygous
(CAC1A/cac1a-1) and wild-type (CAC1A/CAC1A) sib-
ling plants (Fig. 6). At pollination, pistils were stained
with Aniline Blue and 4#,6-diamidino-2-phenylindole
(DAPI) and examined by fluorescence microscopy. In
comparison with the wild-type siblings (Fig. 6, A, C,
and E), fewer pollen grains germinate on heterozygous
plants (Fig. 6, B, D, and F), and of those that do
germinate, the migration of the pollen tubes through
the style is slower.
Reduction of BCCP1 Accumulation by CAC1A Antisense
RNA Expression Induces Unique
Morphological Changes
Because the cac1a-1mutant allele shows an embryo-
lethal phenotype, we were unable to examine the role
of the BCCP1 protein in plant development after em-
bryogenesis. Therefore, transgenic Arabidopsis plants
expressing CAC1A antisense RNA, under the transcrip-
tional control of the cauliflower mosaic virus (CaMV)
35S promoter were generated and characterized. As in-
dicated by inheritance of the tightly linked kanamycin-
resistance trait, by PCR amplification of the 35S:
CAC1A antisense RNA transgene, and Southern-blot
hybridization analyses of genomic DNA isolated from
individual plants, we were able to confirm that we had
recovered 42 independently generated lines that car-
ried the 35S:CAC1A antisense RNA transgene (data
not shown).
About half of these transgenic lines show unique
morphological alterations as compared with wild-type
controls. The altered phenotype includes reduced
overall size of the transgenic plants, and altered leaf
morphology and pigmentation. These lines can be
grouped into five classes (very severe, severe [S], mod-
erate [M], mild, or wild type like) depending upon the
Table III. Transmission of cac1a-1 gametes
Crossa
No. of F1 Progeny
x21:1 P Value
Total CAC1A/cac1a-1 CAC1A/CAC1A
CAC1A/CAC1A$ 3 CAC1A/cac1a-1# 86 21 65 22.5 ,0.001
CAC1A/cac1a-1$ 3 CAC1A/CAC1A# 64 30 34 0.25 0.62
aFifteen plants for each genotype were crossed.
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degree of morphological alteration and the timing of
the appearance of the altered growth phenotype. Fig-
ure 7A shows seedlings that are expressing either the
M or S phenotype, which were further analyzed in this
study.
Plants with an S phenotype germinate normally and
have normal-appearing cotyledons, but beginning at
1 to 2 weeks after germination, the growth rate of these
seedlings is noticeably decreased. These plants may
have up to three wild-type-like true leaves, but sub-
sequent emerging rosette and cauline leaves are sig-
nificantly smaller, extremely undulated, and mostly
yellow variegated with small green areas. By 30 d after
imbibition (DAI), these plants are approximately one-
fifth the size of wild-type plants.
In plants with an M phenotype, the switch from
wild-type-like leaves to aberrant leaves occurs some-
time between the emergence of the fourth and seventh
leaf. Those aberrant leaves are slightly crinkly and
have distinct yellow patches. By 30 DAI, these plants
are approximately two-thirds the size of wild-type
plants.
To determine whether CAC1A expression is reduced
in the CAC1A antisense plants, the accumulation of the
BCCP1 protein was assessed by western-blot analyses
(Fig. 7, B and C). In these analyses, the immunoreac-
tive BCCP1 polypeptide was detected with specific
antisera (Choi et al., 1995), and the biotin prosthetic
group associated with this protein was detected with
streptavidin (Nikolau et al., 1985).
The accumulation of the BCCP1 protein in shoots of
30-d-old antisense plants with an M phenotype is
significantly lower than that in wild-type plants (about
35% of wild-type levels; P value , 0.0001, for both
antisera and streptavidin detection); in plants with an
S phenotype BCCP1 level is even lower (about 20%
of wild-type levels; P value = 0.001 and 0.0002 for
antisera and streptavidin detection, respectively). In
transgenic plants with a mild or wild-type-like phe-
notype, BCCP1 polypeptide and holoprotein levels are
indistinguishable from wild-type plants (data not
shown). The ratios of the band detected by BCCP1
antisera to that detected by streptavidin are near
identical regardless of the genotypes tested (compare
with Fig. 7, B and C). These comparisons indicate that
the biotinylation status of BCCP1 is similar in wild-
type and CAC1A antisense plants. Moreover, these
analyses indicate that there is a direct relationship
between the reduction in BCCP1 accumulation and the
severity of the CAC1A antisense phenotype.
Reduction of BCCP1, But Not of BCCP2 Levels, Affects
Fatty Acid Accumulation
To investigate the individual effect of BCCP1 and
BCCP2 on fatty acid accumulation, lipids extracted
Figure 5. The CAC1A function is required for normal pollen development and germination. A and B, Scanning electron
micrographs of pollen grains collected from sibling plants that are either wild type (A) or carry the cac1a-1 allele (B). Arrows in B
point to aberrantly shaped pollen grains that have an altered exine layer; these are recovered from plants carrying the cac1a-1
allele, but not from wild-type siblings. Insets show magnified views of individual pollen grains from wild-type plants and the
aberrant pollen grains that were recovered from mutant plants. C to E, Scanning electron micrographs of pollen grains after 20 h
on germination medium. Pollen collected from wild-type plants germinate and elongate a pollen tube (C), but those that are
collected from plants that carry the cac1a-1 allele have an elevated number of grains that do not germinate or germinate
aberrantly (D) or upon germination the elongating pollen tube appears to burst (E). F, The proportion of pollen grains that are
classified as germinated, not germinated, or burst after 20 h on germination medium; dark bars are for pollen grains collected
from wild-type plants and the white bars are for pollen grains collected from siblings that carry the cac1a-1 allele. Under each
category are micrographs of Nile Blue stained pollen grains representative of each category. Bars = 10 mm. [See online article for
color version of this figure.]
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from wild-type and CAC1A antisense plants or cac1b
mutant plants were compared. In leaves of CAC1A
antisense plants the concentration of fatty acids (on the
basis of fresh weight) is increased by about 20% and
30% in plants showing an M and an S phenotype,
respectively (Fig. 8B). However, because these anti-
sense RNA plants are considerably smaller (rosettes of
plants with the S phenotype weigh between 10% and
20% of wild-type rosettes), the total fatty acid content
of each individual plant is considerably less than that
of a wild-type plant (Fig. 8C). Because CAC1B is
primarily expressed in developing siliques, and not
in leaves (Thelen et al., 2001), fatty acids were ana-
lyzed in the seeds of the cac1b knockout mutants. The
amount of seed fatty acids in either cac1b-1 or cac1b-2
homozygous mutant plants are indistinguishable from
those of wild-type plants (Fig. 8A).
The fatty acid composition of the leaf lipids of
CAC1A antisense plants with an M or an S phenotype
was compared with that of wild-type leaves (Fig. 8D).
In addition, the fatty acid composition of lipids from
mature seeds of cac1b-1 and cac1b-2 alleles was com-
pared with the wild type (Fig. 8E). There is no detect-
able difference in the relative amounts of each fatty
acid irrespective of the CAC1A or CAC1B allele in any
of the organs that we examined. Hence, reduction in
the expression of the BCCP1 protein, but not of the
BCCP2 protein, quantitatively affects fatty acid accu-
mulation; but reduced expression of either paralogous
protein does not affect fatty acid composition.
The Expression of the Other htACCase Subunits Is
Unaffected by the Absence or Reduction of Either BCCP1
or BCCP2
To investigate the effect of losing either CAC1A
or CAC1B function on the expression of the other
htACCase subunit genes, the accumulation of each
subunit was determined by western-blot analysis with
subunit-specific antibodies. The generation of antibod-
ies specific to BC, a-CT, or b-CT has been described
previously (Sun et al., 1997; Ke et al., 2000b). To gen-
erate antibodies specific for each BCCP subunit, the low
similarity region of each subunit was identified from
the alignment of the amino acid sequences of BCCP1
and BCCP2 (Supplemental Fig. S3A). The cDNA se-
quence coding this region of each BCCP subunit was
PCR amplified and cloned into an E. coli expression
vector (pET-30; Novagen), and recombinant proteins
produced from these two constructs were used to im-
munize rabbits to generate polyclonal antibodies. Pro-
tein extracts from Arabidopsis flowers were subjected
to western-blot analyses with these two antibodies as
well as with streptavidin. While streptavidin reveals
Figure 6. The CAC1A function is required for normal in planta pollen
germination and pollen tube elongation. Larger number of pollen
grains germinate on the stigma (arrow), and pollen tubes more fully
elongated in the style of flowers of wild-type (WT) plants (A and C) than
on plants carrying the cac1a-1 allele (B and D). In addition, during
processing for microscopic examination, more pollen grains have
germinated in the anthers of wild-type plants (E) than on plants carrying
the cac1a-1 allele (F). Pollen was visualized on sibling plants grown
side by side that were either wild type (A, C, E) or heterozygous for the
cac1a-1 allele (B, D, E). Flowers were stained either with Aniline Blue
(A and B) or Aniline Blue and DAPI (C–F) and viewed by fluorescence
microscopy with DAPI/fluorescein isothiocyanate/Texas Red filters.
Bar = 10 mm.
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both BCCP1 and BCCP2 as two individual protein
bands of about 35 and 25 kD, BCCP1 antibody detects
only the 35-kD band, and BCCP2 antibody detects
only the 25-kD band (Supplemental Fig. S3, B and C).
These experiments demonstrate that monoreactive
antibodies for the BCCP1 and BCCP2 proteins were
generated.
Western-blot analyses with htACCase subunit-spe-
cific antibodies on protein extracts prepared from a
mixture of flowers and flower buds of wild-type plants
and the two homozygous CAC1B knockout mutants
show that the elimination of BCCP2 subunit has no
effect on the accumulation of the other four subunits
(Fig. 3). Because tissue and organs were not recover-
able from plants that lacked CAC1A functionality (i.e.
cac1a homozygous plants), we assessed the conse-
quence of BCCP1 reduction on the accumulation of the
other htACCase subunits in the CAC1A antisense
plants. Western-blot analyses of leaf extracts from
plants that showed an M or S growth phenotype
demonstrated that apart from the expected reduction
in BCCP1 accumulation, none of the other htACCase
subunits showed any significant change in accumula-
tion relative to the wild-type plants (Fig. 9A). Because
prior studies had shown that BCCP2 accumulates at a
low level (Thelen et al., 2001) in leaves, and in the
study reported herein it was undetectable with our
BCCP2-specific antisera and barely detectable with
streptavidin upon very long exposures (Fig. 9A), we
extended the western analysis to developing siliques
where BCCP2 is readily detectable in wild-type plants.
As with the observations made in leaf extracts, the
abundance of BCCP2, BC, a-CT, and b-CT was indis-
tinguishable between wild-type and CAC1A antisense
plants (Fig. 9, B and C). Taken together, these results
demonstrate that a decrease in the accumulation of
either BCCP1 or BCCP2 does not affect the accumula-
tion of the other htACCase subunits.
CAC1A and CAC1B mRNAs Have Similar Accumulation
Patterns during Embryo Development
Because BCCP1 and BCCP2 proteins have poten-
tially redundant functions, to decipher the differential
metabolic and morphological effects arising from the
loss of each protein, we compared the expression of
the CAC1A and CAC1B genes via a combination of
different approaches (promoter:GUS transgenes, in situ
hybridization of mRNAs, and quantitative western-
blot analyses). These characterizations focused on the
expression of these genes during the early stages of
silique and seed development, when the unidirec-
tional redundancy between the two genes was most
readily observed. In addition, we also compared the
expression of these two genes in other organs to ensure
that our data are consistent with prior such character-
izations (Ke et al., 1997, 2000b; Thelen et al., 2001;
Ruuska et al., 2002; Thelen and Ohlrogge, 2002b).
The cellular distribution of the CAC1A and CAC1B
mRNAs was compared within embryos and siliques,
particularly at the early stages of development when
the differential effects of the cac1a-1 and cac1b-1 muta-
tions were initially detected. The relative accumula-
tion of these mRNAs was determined by in situ
hybridization at five distinct developmental stages
Figure 7. Reduced BCCP1 abundance in CAC1A antisense plants
correlates with the reduced growth phenotype. A, Phenotype of
representative plants used to investigate the relationship between
BCCP1 abundance and the severity of the resulting reduced growth
phenotype. WT, Wild type. Bars = 1 cm. B, Abundance of BCCP1
protein in five independent wild-type plants (WT; lanes a, b, g, h, l), four
independent CAC1A antisense plants expressing the M phenotype
(lanes c, d, i, j), and three independent CAC1A antisense plants
expressing the S phenotype (lanes e, f, k). Protein extracts were
prepared from young rosette leaves of 30-d-old plants, and 50 mg of
protein from each plant extract was subjected to western-blot analysis,
using either BCCP1 antisera followed by 125I-labeled Protein A or
125I-labeled streptavidin. Numbers below each blot are signal intensi-
ties relative to the average intensity of the WT (100). C, Comparison of
BCCP1 abundance in wild-type and CAC1A antisense plants analyzed
with either subunit-specific antisera or streptavidin as in B. BCCP1
signal intensities from wild type (WT; n = 5), and CAC1A antisense
plants expressing a M (n = 4) and S (n = 3) phenotype were averaged.
Three repetitions of this experiment gave similar results. [See online
article for color version of this figure.]
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starting from 1 DAF (Fig. 10A). In rapidly enlarging
siliques (1 DAF), the sporophyte within the ovule is a
zygote or several-celled embryo, and CAC1AmRNA is
evenly distributed throughout the silique tissues, in-
cluding the silique walls and developing ovules. By
3 DAF, siliques have ceased enlargement. CAC1A
mRNA is concentrated in the rapidly growing globu-
lar embryos and is considerably reduced in silique
walls and ovule integuments. At 5 to 7 DAF, the time
of maximal seed oil accumulation, CAC1A mRNA is
highly concentrated in the embryos. By 12 DAF, em-
bryos have ceased growing and are approaching des-
iccation; at this stage, CAC1A mRNA is no longer
detected in the embryos or siliques.
Like CAC1A, CAC1B mRNA is distributed evenly
throughout the silique tissues at 1 DAF. By 3 DAF,
CAC1B mRNA is concentrated in the embryos and
is reduced in silique walls and integuments of the
ovules. At 5 and 7 DAF, CAC1BmRNA level decreases
from that of 3-DAF siliques. CAC1B mRNA is unde-
tectable in the silique walls or ovule integuments from
5 DAF and onwards. In 12-DAF siliques, CAC1B
mRNA is no longer detected in the embryos. These
data establish that at the early stages of silique and
seed development (at 1–5 DAF), these two transcripts
have a similar spatial pattern of expression, the one dif-
ference being that CAC1B expression is at lower levels
(as judged by the fact that the digoxigenin (DIG)-
labeling reactions to visualize the CAC1B mRNA was
conducted for 2- to 3-fold longer than those for the
CAC1A mRNA), and the level of CAC1B mRNA re-
duced somewhat earlier in silique development than
CAC1A accumulation.
Additional insights into the expression patterns and
expression levels of the CAC1A and CAC1B genes
were explored with transgenic plants that carried a
GUS reporter gene under the control of the promoter
of each BCCP-encoding gene. These analyses revealed
that while CAC1A is expressed in all the examined
organs including the cotyledons, leaves, and roots of
Figure 8. Reduction in the abundance
of BCCP1, but not BCCP2, affects fatty
acid accumulation without affecting
fatty acid concentration or composi-
tion. Each value in the chart represents
the averaged value of (n) biological
replications. Error bars indicate the
SDs. A, Total fatty acid concentration
in seeds harvested from wild type (WT;
n = 6), cac1b-1 homozygous (cac1b-1;
n = 6), and cac1b-2 homozygous
(cac1b-2; n = 6) mutant plants. B, Total
fatty acid concentration in leaves of
wild-type (WT; n = 3) plants, CAC1A
antisense plants with M (n = 7) pheno-
type, and CAC1A antisense plants with
S (n = 3) phenotype. C, Total fatty acid
content (per plant) in leaves from wild-
type plants (WT; n = 5), CAC1A anti-
sense plants with M phenotype (n = 4),
and CAC1A antisense plants with S
phenotype (n = 3). D, Fatty acid com-
position of seeds harvested from ho-
mozygous plants that carried wild-type
CAC1B (white bars; n = 6), and mutant
cac1b-1 (gray bars; n = 6) or cac1b-2
(black bars; n = 6) alleles. E, Fatty acid
composition of leaves from wild-type
plants (white bars; n = 3), and of leaves
from CAC1A antisense plants with M
phenotype (gray bars; n = 7), or S
phenotype (black bars; n = 3).
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seedlings, flowers, and siliques, CAC1B is only ex-
pressed in a subset of the tissues where CAC1A is
expressed, and at lower levels (Fig. 10B). Consistent
with prior studies and with the western-blot analyses
of BCCP2 protein, we find that the CAC1B:GUS ex-
pression is considerably limited in the aerial organs of
young seedlings, but is expressed in roots, although at
a lower level than CAC1A:GUS. Another significant
difference in the expression patterns between the two
genes occurs in young developing siliques, at 1 to 3
DAF. Specifically, whereas CAC1A-driven GUS activ-
ity is strongly detected in these young siliques,
CAC1B-driven GUS activity is barely detectable and
is focused at the senescing stigma. Interestingly, and in
parallel with the in situ mRNA hybridization studies,
CAC1B:GUS activity rises later in silique development
but decays earlier than CAC1A:GUS activity as seeds
mature and the siliques begin to senesce.
Accumulation of BCCP1 Is 5-Fold Higher Than That of
BCCP2 in Developing Siliques
BCCP1 and BCCP2 expression was also evaluated at
the protein level using a quantitative western-blot
procedure. The absolute concentration of each BCCP
subunit was determined by using recombinantly pro-
duced S-tag fusion proteins as standards. The absolute
concentration of these standards was initially deter-
mined by measuring the RNase activity reconstituted
by the binding of either BCCP1 S·tag or BCCP2 S·tag
with S protein (Richards and Wyckoff, 1971). Sub-
sequently, parallel western-blot analyses were per-
formed with antiserum for each subunit with plant
extracts and a serial dilution of each recombinant
standard protein (Fig. 11A). The standard curve con-
structed from each recombinant protein provides
a means of calculating the molar concentration of
BCCP1 and BCCP2 in identical protein extracts (Fig.
11B). Using this method, we found that in developing
siliques the BCCP1 subunit accumulates to levels that
are about 5-fold higher than that of the BCCP2 subunit
(Fig. 11C). Consistent with both the need for de novo
fatty acid biosynthesis and the pattern of CAC1A
mRNA accumulation, maximal levels of BCCP1 pro-
tein occur in siliques of between 6 and 12 DAF.
DISCUSSION
A common biochemical feature of fatty acid biosyn-
thesis is the carboxylation of acetyl-CoA to form
malonyl-CoA. This is a chemical requirement of the
Claisen condensation-based mechanism that is com-
mon to the biosynthesis of all polyketides, including
fatty acid biosynthesis. Specifically this carboxylation
reaction chemically activates the methylene group of
the resulting malonyl moiety, facilitating the subse-
quent chemical condensation that drives alkyl-chain
elongation in these processes. The biotinylated en-
zyme, ACCase, catalyzes this carboxylation reaction.
Unique to the plant kingdom, two distinct malonyl-
CoA-generating enzymes occur in separate subcellular
compartments of these organisms, one located in the
plastids and the other in the cytosol (Nikolau et al.,
2003). This apparent redundancy is probably the con-
sequence of the evolutionary origin of the metabolic
networks within these two subcellular compartments,
which is a remnant of the endosymbiotic origin of the
plastid organelle (Reyes-Prieto et al., 2007). Thus, the
two separated pools of malonyl-CoA are thought to be
metabolically distinct because membranes that sepa-
rate these pools are physical barriers that do not allow
the free movement of CoA derivatives, and there are
Figure 9. Reduced accumulation of BCCP1 subunit in CAC1A anti-
sense RNA plants does not affect the accumulation of the other subunits
of htACCase. A, Protein extracts were prepared from rosette leaves of
three wild-type plants (WT) and five CAC1A antisense RNA plants
expressing the M or S phenotypes. Aliquots of extracts containing 50 mg
of protein were fractionated by SDS-PAGE and subjected to western-
blot analyses. The blots were incubated with streptavidin or antisera
against each individual subunit of htACCase. B, Protein extracts
prepared from excised siliques isolated at between 1 and 3 DAF from
wild-type (WT) and CAC1A antisense RNA plants with a S phenotype
were subjected to western-blot analysis using either streptavidin or an
anti-BCCP antibody that reacts with both BCCP1 and BCCP2 (Choi
et al., 1995). C, The same protein samples used in B were subjected to
western-blot analysis using antisera specific for BC, a-CT, or b-CT
subunit.
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no known transporters to facilitate the movement of
malonyl-CoA across the plastidic membrane. Indeed,
in vivo isotope-labeling experiments indicate that
these two malonyl-CoA pools are metabolically dis-
tinct (Schwender and Ohlrogge, 2002). The plastidic
malonyl-CoA serves as the precursor for de novo fatty
acid biosynthesis, and the cytosolic pool is used for the
biosynthesis of a number of different classes of spe-
Figure 10. The expression pattern ofCAC1A and CAC1B genes as determined by in situ hybridization and histological staining of
GUS activity expressed from promoter:GUS transgenes. A, The spatial and temporal patterns of CAC1A and CAC1BmRNAs are
near identical during embryo development. The CAC1A and CAC1B mRNAs were detected by in situ hybridization procedure
described in the “Materials and Methods,” using gene-specific DIG-labeled antisense RNAs as probes; control hybridizations
were conducted with DIG-labeled sense RNAs. Bar = 50 mm. B, Histological staining of GUS activity expressed in different
Arabidopsis organs by CAC1A- and CAC1B-GUS transgenes. These data reveal that CAC1B is only expressed in a subset of the
organs and tissues, whereas CAC1A is expressed at a higher level. Organs that are shown are as follows, and these are taken from
plants that are developmentally staged as defined by Boyes et al. (2001). B1: rosette of plants between principal growth stages
1.08 and 1.12 ; B2: roots of same plants as shown in B1; B3: florets of plants at principal growth stage 6.30, green horizontal
arrows point to flowers at 1 DAF and red vertical arrows point to flowers at 2 DAF; B4: flowers at 2 DAF from plants at principal
growth stage 6.30; B5: silique at 5 DAF; B6: silique at 8 and 9 DAF, for CAC1A:GUS and CAC1B:GUS, respectively; B7: silique at
12 DAF. Red bars = 1 mm; blue bars = 0.1 mm.
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cialized metabolites, including the elongation of pre-
existing fatty acids, the biosynthesis of flavonoids and
other polyketides, and the malonylation of specialized
metabolites. In most plants, with the exception of the
Graminae, these two malonyl-CoA pools are gener-
ated by structurally distinct isozymes of ACCase
(Nikolau et al., 2003), with the plastid-localized iso-
zyme being a heteromeric enzyme (htACCase), com-
posed of four separate subunits, whereas the cytosolic
isozyme is homomeric (hmACCase) composed of two
identical subunits.
Unidirectional Redundancy between CAC1A and
CAC1B Paralogs
In Arabidopsis, single-copy genes encode all but
one of the four subunits that comprise the plastidic
htACCase (Choi et al., 1995; Shorrosh et al., 1995, 1996;
Roesler et al., 1996; Sun et al., 1997; Ke et al., 2000b).
The exception is the BCCP subunit, which is encoded
by two genes, CAC1A and CAC1B (Ke et al., 1997;
Thelen et al., 2001), located within 0.32 Mb of each
other on chromosome 5. The presence of two paralo-
gous BCCP-coding genes raises the question about
their individual significance to the physiological func-
tion of htACCase and their consequential role in de
novo fatty acid biosynthesis. Based on the observation
that BCCP2 primarily accumulates in developing
seeds rather than other organs and tissues, it has
been suggested that this paralog is specialized for
generating malonyl-CoA that is used for the biosyn-
thesis of fatty acids destined for seed oil deposition
(Thelen et al., 2001).
To directly test this, we identified and characterized
T-DNA-tagged mutant alleles for each BCCP-coding
gene and characterized the effect of down-regulating
the expression of BCCP1 via antisense RNA technol-
ogy. These characterizations indicate that the BCCP2
subunit is redundant relative to BCCP1, in that plants
devoid of the BCCP2 subunit are indistinguishable
from wild-type plants, and fatty acid accumulation
appears to be unaffected by the loss of this subunit (at
least under the growth conditions that we explored).
This conclusion is based on three sets of observations:
(1) plants that are homozygous for either one of the
two T-DNA disrupted cac1b mutant alleles are recov-
ered at a normal Mendelian inheritance rate from
heterozygous parents, (2) the growth and develop-
mental program of the cac1b homozygous mutants is
indistinguishable from the wild-type sibling plants,
and (3) the amount and composition of fatty acids that
accumulate in the cac1b mutants are indistinguishable
from the wild-type siblings.
In contrast, the lack of the BCCP1 subunit has
drastic effects on growth and development. Specifi-
cally, homozygous cac1a mutant plants are not re-
coverable among the progeny of parents that are
heterozygous for this mutant allele, and the transmis-
sion of this allele is retarded through male gameto-
genesis due to abnormal pollen development and/or
germination. The inability to recover homozygous
cac1a mutant seeds indicates that the CAC1A gene is
essential for the development of seeds. Thus, CAC1 is
one of 358 gene loci whose functionality is required for
normal seed development (McElver et al., 2001; Tzafrir
et al., 2003, 2004). Additional characterizations of
CAC1A antisense plants establish that BCCP1 plays a
significant role in vegetative growth, as evidenced by
the fact that reducing the accumulation of this subunit
to one-third of wild-type levels generates a dramati-
cally altered growth phenotype. In toto, these findings
indicate that BCCP2 cannot compensate for the loss of
Figure 11. BCCP1 is the major paralog that accumulates during silique
development. Using recombinantly produced authentic proteins as
standards and BCCP1- or BCCP-2-specific antisera the absolute amount
of each paralog was determined in protein extracts prepared from
siliques at the indicated stage of development. A, The indicated
amounts of recombinant BCCP1 or BCCP2 proteins, and aliquots of
silique extracts (mg of protein loading indicated under each lane) were
subjected to electrophoresis on the same gel. Gels were then subjected
to western-blot analysis with subunit-specific antisera. B, The standard
curve for BCCP-1 protein. C, The standard curve for BCCP-2 protein. D,
BCCP1 and BCCP2 concentrations in developing siliques. Average of
three determinations of three individual harvests of siliques at each
indicated developmental stage; error bars indicate SDs.
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BCCP1 for maintaining sufficient ACCase activity
to sustain a supply of malonyl-CoA for fatty acid
biosynthesis required for normal growth and devel-
opment, and that this becomes critical at two devel-
opmental stages, seed and pollen development.
Unidirectional Redundancy Is Probably Due to
Expression Difference between CAC1A and CAC1B
To understand the unidirectional redundancy be-
tween the two BCCP-coding genes, one needs to
ascertain the relative expression patterns of the two
genes during the specific developmental stage when
the critical phenotype initially demonstrates its ex-
pression. Because the lethality of the cac1a allele is
uniformly expressed in all seeds that are homozygous
for this mutant allele (in contrast to pollen where the
penentrance of the mutant phenotype is not near
100%) and because developing seeds (as compared
with pollen) are larger and more accessible for char-
acterization, we focused our expression analysis on
developing seeds.
Previous studies (Ke et al., 2000b) have shown that
the accumulation of the mRNAs coding for four of the
htACCase subunits (i.e. those coding for BCCP1, BC,
a-CT, and b-CT) is coordinated and is in a spatial and
temporal pattern consistent with the burst of fatty acid
biosynthesis associated with seed oil deposition,
which occurs as embryos develop through the heart
and torpedo stages of embryogenesis (O’Hara et al.,
2002; Ruuska et al., 2002). Furthermore, parallel stud-
ies have suggested that BCCP2 may be specifically
required for oil deposition because it is specifically
expressed during seed development (Thelen et al.,
2001), whereas BCCP1 accumulates in most of the
organs of the Arabidopsis plant (Ke et al., 1997; Thelen
et al., 2001). In this study, we have extended these
observations by assessing the expression of each
BCCP-coding gene with promoter:GUS transgenes, in
situ hybridization studies of mRNA accumulation
patterns, and by quantitative western-blot analyses
of BCCP1 and BCCP2 accumulation. Consistent with
the prior results, these studies showed that the CAC1A
gene is expressed in many organs and tissues of
Arabidopsis, but CAC1B expression is constrained to
a smaller subset of these organs and tissues. Moreover,
at the early stages of embryo development (between
1 and 3 DAF) when the cac1a-associated embryo
defects are first detected, by all measures of gene
expression that are presented herein, the level of
CAC1B expression is lower than that of CAC1A. Most
relevant in terms of possibly explaining the unidirec-
tional redundancy between the two BCCP-coding
genes is the finding that in developing siliques BCCP2
accumulates at only about 20% of the level of BCCP1.
Namely, total BCCP levels in the developing siliques of
the cac1b mutants would remain at more than 80% of
wild-type levels, but in the cac1a mutant, total BCCP
levels would be lowered to less than 20% of wild-type
levels. Considering that in the CAC1A antisense plants
a significant growth phenotype is not observed in
aerial portions of the Arabidopsis (where BCCP2 does
not accumulate to significant levels) until BCCP1
levels are lowered to less than 35% of wild-type levels,
we surmise therefore that BCCP2 level in the cac1a
mutant embryos is not sufficient to rescue the embryo-
lethal phenotype. A similar argument can be made for
the haploid pollen grains. Here, however, the effect is
manifested as decreased penentrance of the pheno-
type, with only 50% of the haploid cac1amutant pollen
failing to be transmitted.
Given the fact that biochemically BCCP1 and
BCCP2 function as the biotin-containing subunits of
htACCase (Choi et al., 1995; Thelen et al., 2001), the
above quantitative model seems to be the most rea-
sonable explanation for the unidirectional genetic
redundancy presented herein. This is not unlike a
well-known example of unequal genetic redundancy
betweenAPETALA1 (AP1) and CAULIFLOWER (CAL),
two homologous genes involved in controlling floral
meristem identity. In this latter case, AP1 is essential
for normal sepal and petal development, but CAL is
dispensable, and this phenomenon has been attributed
to the fact that in these organsAP1 shows much higher
expression levels than CAL (Kempin et al., 1995).
However, we cannot rule out the possibility that
BCCP1 and BCCP2 subunits may each confer distinct
catalytic characteristics to the htACCase complex.
Distinct and Essential Function for the Plastidic
htACCase Isoforms
The htACCase is considered to be a key enzyme for
de novo fatty acid biosynthesis in that it generates the
committing substrate for this process, malonyl-CoA.
Because fatty acids are required for the formation
of many important molecules, including membrane
lipids, waxes, and signaling molecules, it would be
expected that disruption of fatty acid biosynthesis
should have severe physiological effects on growth
and development. Specific studies (Reverdatto et al.,
1999) and sequence-based queries of plant genomic
data (i.e. EST sequences and completed genome se-
quences) indicate that most plant species contain
multiple htACCase-subunit coding genes. Therefore,
plants have the potential of expressing multiple iso-
forms of htACCase. However as a model, Arabidopsis
probably represents the simplest system to explore the
individual contributions of these isoforms to overall
htACCase function and therefore to fatty acid biosyn-
thesis, because there are only two apparent gene re-
dundancies that encode this complex enzyme. Thus
barring any posttranscriptional and/or posttransla-
tional processing, Arabidopsis has the genetic poten-
tial to express at minimum BCCP1-containing and
BCCP2-containing htACCase isoforms. Our character-
ization of Arabidopsis T-DNA insertional null-mutant
alleles, which individually eliminates each of these
isoforms revealed an unexpected unidirectional re-
dundancy between these two paralogous genes, which
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could be interpreted as an indication of distinct met-
abolic functionalities for each of htACCase isoforms.
Consistent with the essential nature of fatty acid
biosynthesis, mutations in the CAC1A gene encoding
the BCCP1 subunit of htACCase generates an embryo-
lethal phenotype, as is the case with mutations in the
gene coding for the E2 subunit of the plastidic pyru-
vate dehydrogenase, which provides the acetyl-CoA
substrate for the htACCase (Lin et al., 2003). Moreover,
mutations in the enoyl-acyl carrier protein reductase
gene, which reduce de novo fatty acid biosynthesis
flux, also dramatically alters the growth morphology
of plants (Mou et al., 2000).
The embryo lethality of the cac1a mutation is also
consistent with characterizations of mutations that
affect biotin biosynthesis and utilization. As a biotin-
containing enzyme, ACCase is absolutely dependent
on the availability of this covalently bound cofactor
for catalysis (Nikolau et al., 2003). Thus, mutations in
every known biotin biosynthesis gene of Arabidopsis
(i.e. bio1, bio2, bio4, and the bifunctional bio3::bio1
locus) and in the hcs1 gene that catalyzes the biotinyl-
ation of such proteins as BCCP1, all show an embryo-
lethal phenotype (Shellhammer and Meinke, 1990;
Patton et al., 1998; Pinon et al., 2005; Muralla et al.,
2008; Puyaubert et al., 2008). Moreover, this study
helps refine the explanation as to the essentiality of
biotin in plants. Specifically, deficiencies in biotin
status could affect embryo development through a
number of different metabolic lesions associated with
the fact that biotin occurs on five Arabidopsis gene
products in addition to BCCP1 and BCCP2. These are
the hmACCase (products of the ACC1 and ACC2 loci)
that generates malonyl-CoA for fatty acid elongation
and cytosolic derived secondary metabolites (Yanai
et al., 1995; Baud et al., 2003, 2004), mitochondrial
methylcrotonyl-CoA carboxylase (MCCase) that is in-
volved in Leu catabolism (Song et al., 1994; Wang et al.,
1994; Anderson et al., 1998; McKean et al., 2000), and a
seed biotin-storage protein. Of these, the embryo-
lethal phenotype is only associated with acc1 alleles
(Baud et al., 2003, 2004), and now with the cac1a allele.
Unpublished data indicates that mutations associated
with seed biotin-storage protein and MCCase do not
affect embryo development (G. Ding, E.S. Wurtele,
and B.J. Nikolau, unpublished data), which therefore
argues that the essentiality of biotin is to support
ACCase, and thus fatty acid biosynthesis and elonga-
tion, and/or the biosynthesis of malonyl-CoA derived
secondary metabolites. However, the fact that many of
the cytosolic-malonyl-CoA derived metabolites are
classified as secondary metabolites, indicates their
dispensable nature (e.g. flavonoids, polyketides), and
the fact that fatty acid elongation genes are themselves
essential (Millar et al., 2000; Dietrich et al., 2005; Zheng
et al., 2005; Beaudoin et al., 2009) further narrows the
essentiality of biotin to support ACCase metabolic
functionalities associated with the biosynthesis and
elongation of fatty acids. Consistent with this gener-
alized concept is the fact that there are no known
organisms that do not express ACCase, and the corol-
lary that the biosphere contains organisms in which
the only biotinylated protein is ACCase (e.g. E. coli;
Cronan and Waldrop, 2002).
The unexpected finding however was the lack of a
morphological phenotype associated with the cac1b
null alleles. A similar observation has also been re-
ported in earlier studies in which the abundance of the
BCCP2 protein was either reduced with antisense
RNA technology, or increased by expression of a sense
gene construct, using the constitutive 35S CaMV pro-
moter to control the expression of the transgenes
(Thelen and Ohlrogge, 2002a). Although relatively sub-
tle changes in fatty acid accumulation were achieved
by these transgenic modifications of BCCP2 expres-
sion, appearance of the resulting plant morphology
was largely unchanged. However, upon the targeted
overexpression of BCCP2 in developing seeds (tran-
scriptionally controlled by the napin promoter),
ACCase expression was reduced due to the accumu-
lation of nonbiotinylated apo-BCCP2 protein, and this
transgenic modification altered the developmental pro-
gram of the developing seeds (Thelen and Ohlrogge,
2002a). It would appear therefore, that this BCCP2-
sense transgene is acting as a dominant negative allele,
and a biochemical explanation may be that overexpres-
sion of a nonfunctional apo-BCCP2 protein is poison-
ing the htACCase complex and thus inhibiting flux to
fatty acid biosynthesis. More recent proteomics anal-
ysis of these seeds further substantiates these altera-
tions by cataloging a large number of pleotropic effects
of the dominant negative napin:CAC1B allele (Chen
et al., 2009).
Essential Nature of the Plastidic Malonyl-CoA Pool
The finding that htACCase is essential for embryo-
genesis establishes that the plastidicmalonyl-CoApool
generated by this enzyme cannot be supplemented by
other sources of this metabolite. For example, plant
cells generate a second pool of malonyl-CoA via the
action of hmACCase. In Arabidopsis, there are two
hmACCase-codinggenes,ACC1andACC2 (Yanai et al.,
1995). The ACC1 protein is located in the cytosol, but
the ACC2 protein has a putative transit peptide and
may be targeted to plastids (Schulte et al., 1997). The
finding that the cac1a mutation is embryo lethal indi-
cates that themalonyl-CoAproducedby theACC1- and
ACC2-coding hmACCase is unable to supplement the
deficiency in plastidic malonyl-CoA generation. This
suggests that cytosolic malonyl-CoA cannot enter the
plastids and thatACC2-coding hmACCase is either not
located in plastids, or that even if it is located in plas-
tids, its ability to generate malonyl-CoA is insufficient
to meet the requirement for this metabolite in this or-
ganelle. Given that the only known metabolic fate of
plastidic malonyl-CoA is for the biosynthesis of fatty
acids, these findings demonstrate that htACCase is
essential in generating malonyl-CoA for normal de
novo fatty acid biosynthesis.
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It is noteworthy that although fatty acids are re-
quired to support membrane synthesis in the growth
and development of embryos and endosperm, such
development appears normal at the very early stages
of seed development (0–2 DAF), even in the absence of
the BCCP1 protein. This is probably enabled by the
ability of the BCCP2 protein to support htACCase
function, by the expression of the plastid-targeted
ACC2-encoded hmACCase, or by a small amount of
malonyl-CoA (or downstream metabolites) that may
be donated by maternal cells to the developing seed.
Regardless of which mechanism supports growth of
the embryo and endosperm at the early stages of seed
development, it is insufficient to continue to support
the generation of malonyl-CoA needed for fatty acid
biosynthesis as membrane lipids and seed oil deposi-
tion demands increase as the seed progresses past the
globular stage of embryo development.
Cytosolic malonyl-CoA has a more versatile meta-
bolic fate than the plastidic malonyl-CoA. It is an
intermediate in a variety of pathways including fatty
acid elongation and flavonoid biosynthesis. Mutations
in the ACC1 gene also generate an embryo-lethal
phenotype, however, the acc1 mutant embryos un-
dergo a distinctly different abnormal embryo devel-
opmental program from that of the cac1amutant (Baud
et al., 2003, 2004). In the acc1 mutants, the defects in
embryo morphogenesis include the lack of cotyledons
and the disruption of cellular organization of the
apical region of the embryo. In spite of these defects,
the abnormal embryo still matures. In contrast, the
cac1amutant shows delayed development and prema-
ture abortion of the embryo, without any specific
alteration of embryo morphology until the cells be-
come vacuolated and the embryo collapses. These
morphogenetic differences between acc1 and cac1a
mutants suggest that the role of BCCP1 (and hence
htACCase) during embryo development is related to a
fundamental metabolic process providing structural
components such as membrane lipids, rather than a
signaling process, which is most likely the case for
hmACCase. Indeed, the defects associated with the
cytosolic malonyl-CoA generation appear to be asso-
ciated with fatty acid elongation and biosynthesis of
sphingolipid, a molecule with many signaling prop-
erties (Smith and Merrill, 2002; Sperling and Heinz,
2003; Worrall et al., 2003; Dietrich et al., 2005; Zheng
et al., 2005).
MATERIALS AND METHODS
Plant Material and Growth Conditions
All the wild-type and mutant Arabidopsis (Arabidopsis thaliana) genetic
stocks were obtained from the Arabidopsis Biological Resource Center
(Columbus, OH). The cac1a-1mutant line is in the Wassilewskija background.
The cac1b-1 and cac1b-2 alleles are in the Columbia-0 background.
Seeds were sown either in LC1 Sunshine mix (Sun Gro Horticulture) or on
Murashige and Skoog agar medium (Invitrogen). To break dormancy, sown
seeds were placed at 4C for 2 d, and then moved into a growth room
maintained at 22C with continuous illumination (100 mmol m22 s21). When
sown on Murashige and Skoog media, seeds were first sterilized by a short
wash with 95% ethanol and a 10-min incubation in 50% bleach solution
containing 0.1% Tween 20. The seeds were then extensively washed with
sterile water before sowing. If needed, the seedlings were transferred from
Murashige and Skoog media to soil at 7 to 10 d after germination.
CAC1A antisense plants were grown under a controlled photoperiod of 16
h of illumination followed by 8 h of darkness. All studies of rosette leaves were
from plants between 28 and 30 DAI, and all plant materials were harvested
between 3 to 5 h after the start of the illumination period.
To developmentally stage siliques, color threads were used to tag flowers
on the day of flowering (day 0) when petals just appeared. The siliques that
developed from those tagged flowers were collected at specific time points
thereafter.
PCR Genotyping and DNA Gel Blotting
Plant DNA extraction and PCR reactions were conducted as described by
Sussman et al. (2000). Two PCR reactions were performed to genotype
individual plants carrying T-DNA-tagged alleles. One reaction used a
T-DNA border primer and a gene-specific primer to detect the T-DNA-
tagged allele, the other reaction used a pair of gene-specific primers that flank
the T-DNA insertion site to detect the wild-type allele. Supplemental Table S2
lists the primers used in this study for genotyping of the T-DNA-tagged
mutants.
CAC1A cDNA-specific primers (pC-F and pC-R) were designed to track the
CAC1A antisense RNA transgene (Supplemental Table S2). This PCR reaction
amplified a 933-bp fragment from the endogenous CAC1A genomic gene and
a 462-bp fragment from the CAC1A antisense RNA transgene. Thus, a PCR
reaction using these primers yields a 933-bp product from wild-type plants
and 933- and 462-bp products from transgenic plants.
For DNA gel-blot analysis, DNAwas isolated from plant leaves based on
the method of Rogers and Bendich (1994). To confirm the integration of the
CAC1A antisense RNA transgene into the genome, DNA was digested with
restriction enzymes EcoRI and HindIII and fractionated by electrophoresis in
0.8% agarose gels. The DNA was then transferred onto MAGNA nylon
membrane (Osmonics) and hybridized with 32P-labeled CAC1A cDNA. Blots
were prehybridized and hybridized under standard conditions (Sambrook
et al., 1989) and were washed at 65C for 10 min in 23 SSC, 0.1% SDS, and 10
min in 13 SSC, 0.1% SDS.
In Situ Hybridization
Arabidopsis siliques were harvested at 1, 3, 5, 7, and 12 DAF, cut into 4-mm
pieces, fixed, embedded, and sectioned as previously described (Ke et al.,
1997). After Proteinase K digestion, hybridization, and washing at 65C, slides
were treated with RNaseA to remove the RNA probe that had not hybridized
with mRNA. The Boehringer Mannheim DIG nucleic acid detection kit
(Boehringer Mannheim) was used for immunological detection (Canas et al.,
1994). In these experiments, about 30 silique pieces were used in total. For each
developmental stage, about eight ovules per silique piece were examined, and
the entire experiment was repeated three times.
DIG-labeled, gene-specific RNA probes (antisense and sense) were tran-
scribed from the following insert/vector combinations: 676 nucleotides at
3#-end (positions 451–1,114) of CAC1A cDNA in pBluescript SK (6), and 789
nucleotides at 3#-end (positions 451–1,217) of CAC1B cDNA in pSPORT
1 (GIBCO). To ensure that these are CAC1A- and CAC1B-specific probes, each
was tested on reconstituted northern-blot analyses, which directly demon-
strated that the CAC1A probe does not detect the CAC1B RNA, and that the
CAC1B probe does not detect the CAC1A RNA (Supplemental Fig. S4).
Binary Vector Construction
To express the CAC1A antisense RNA, a plant transformation vector was
constructed. The binary vector pBI121 (CLONTECH) was modified by re-
moving the GUS gene and replacing it with an oligonucleotide-containing
XhoI and SstI restriction enzyme sites. A reverse-orientated full-length CAC1A
cDNA (Choi et al., 1995) was then inserted into the modified pBI121 vector
usingXhoI/SstI restriction enzymes such that the antisense CAC1A cDNAwas
under the control of the CaMV 35S promoter.
The construct used for complementation of cac1a-1 mutant was made by
subcloning the 4.5-kb genomic BamHI fragment containing CAC1A gene (Ke
et al., 1997) into pCAMBIA3300 (see Supplemental Fig. S1).
Li et al.
310 Plant Physiol. Vol. 155, 2011
 www.plantphysiol.orgon August 8, 2017 - Published by Downloaded from 
Copyright © 2011 American Society of Plant Biologists. All rights reserved.
Plant Transformation and Screening for
Transgenic Plants
The binary vectors were transformed into Agrobacterium tumefaciens
(strains C58C1 or GV3101) by electroporation. Plant transformation was
performed with a simplified Arabidopsis transformation protocol (Clough
and Bent, 1998). Kanamycin and glufosinate ammonium were used to screen
for transformants of the antisense CAC1A cDNA construct and genomic
CAC1A construct, respectively. To screen for kanamycin resistance, the T1
seeds were sown on Murashige and Skoog medium containing 50 mg/mL
kanamycin. After about 12 d the kanamycin-resistant seedlings were trans-
ferred into soil. To screen with glufosinate ammonium, T1 seeds were sown in
soil and 14-d seedlings were sprayed with 1:1,500 dilution of Finale Concen-
trate (Farnam Companies).
Complementation experiment was performed by transforming heterozy-
gous cac1a-1 plants with the pCAMBIA-CAC1A construct. Seeds were col-
lected from the individual T1 transformants. To test whether the construct
complements the cac1a-1mutant, the T2 plants were PCR genotyped by using
the primers listed in Supplemental Table S2 and Supplemental Figure S1.
Generation of BCCP1- and BCCP2-Specific Antibodies
Primers A-F and A-Rwere used to amplify a CAC1A-specific cDNA region.
Primers B-F and B-R were used to amplify a CAC1B-specific cDNA region
(Supplemental Table S2). The resulting two PCR products were cloned into
pET30 vector (Novagen). These two constructs were named CAC1A-pET and
CAC1B-pET. Expression of these constructs in Escherichia coli strain BL21
(DE3) produced recombinant proteins with both an S tag and a His tag located
at the N terminus. BCCP2-specific recombinant protein was purified with a
His·bind column, as described by the manufacturer (Novagen). Affinity
purification of BCCP1-specific recombinant protein with either S tag or His
tag was not successful in either nondenaturing or denaturing conditions.
Thus, this protein was purified by SDS-PAGE and the band that contained the
BCCP1-specific recombinant protein was excised for antibody generation. The
antibodies were generated in New Zealand white female rabbits, following
the procedure previously described (Ke et al., 2000b).
Immunoblot Analysis
Proteins were extracted from plant tissues as described previously (Che
et al., 2002). The protein concentration in the extracts was determined with the
Bradford method (Bradford, 1976). Proteins were separated by SDS-PAGE
(Laemmli, 1970) and transferred to a nitrocellulose membrane (Towbin et al.,
1979) using mini-PROTEAN II electrophoresis and mini trans-blot system
(Bio-Rad Laboratories). The BCCP1, BCCP2, BC, a-CT, and b-CT subunits of
htACCase were immunologically detected with antisera that had been gen-
erated and characterized previously (Sun et al., 1997; Ke et al., 2000b) or
during the course of this work. The antigen-antibody complexes were
detected by either autoradiography with 125I-Protein A or ECL chemilumi-
nescent detection system with horseradish peroxidase-linked anti-rabbit IgG
(Amersham Biosciences). The biotin-containing proteins were detected using
125I-labeled or horseradish peroxidase-linked streptavidin (Nikolau et al.,
1985). For quantitative analysis, a Storm 840 scanner (Amersham Biosciences)
was used to scan the membrane. The signal intensities were quantified by
ImageQuant software (Molecular Dynamics).
Promoter:GUS Transgenic Analysis
Promoter:GUS fusion constructs were made with both the CAC1A and
CAC1B promoter regions, which were PCR amplified from isolated Arabi-
dopsis genomic DNA using two sets of primers: (1) for the CAC1A promoter,
the primer combination was CAC1Ap1F (5#-AAGCTTGATTGTAACCAAG-
ACA-3#) and CAC1ApR (5#-TTCGTCTTCTTATTGTTATTGG-3#); and (2)
for the CAC1B promoter, the primer combination was CAC1Bp1F (5#-CAG-
GGTCATATGGAGCAAGC-3#) and CAC1Bp2R (5#-ATTGTTGAGACAGTG-
GACGATG-3#). The resulting 1,124- and 1,231-bp fragments upstream of the
21 position, starting from the translational start codons of each gene, were
initially cloned upstream of promoterless GFP-GUS reporter genes in the
Entry vector, pDONR221 (Gateway Cloning Technology, Invitrogen,), and
then moved into the binary vector pBGWFS7 (Karimi et al., 2002). Gateway
vectors were transformed into A. tumefaciens strain GV3101, and transgenic
plants were generated as described above.
Histochemical staining of GUS activity was conducted on transgenic, T2-
generation seedlings that had been germinated in soil. Plants were harvested
at various stages of development, and a minimum of five plants was assayed
for each independently transformed line; all plants or organs from the same
line were stained in the same tube using the same staining solution. GUS
staining solution was a mixture of the following five solutions mixed in the
ratio of 5:470:25:2:2. (1) Triton X-100:ethanol:water (1:4:5); (2) 0.5 M potassium
phosphate buffer, pH 7.0; (3) 10 mg mL21 5-bromo-4-chloro-3-indolyl-b-D-
GlcUA dissolved in dimethyl sulfoxide; (4) 0.1 M potassium ferricyanide, pH
7.0; and (5) 0.1 M potassium ferrocyanide, pH 7.0. Staining incubation was
either for 3 h or an overnight period, at room temperature (Jefferson et al.,
1987). Staining patterns were observed and documented using an Olympus
stereomicroscope at the Bessey Microscopy Facility (Iowa State University).
Quantification of BCCP1 and BCCP2 Subunits
Standard molecular cloning procedures (Sambrook et al., 1989) were used
to make constructs for generation of S-tag fusion proteins of each BCCP
paralog. The 1.1-kb CAC1A cDNA (Choi et al., 1995) was released from
pBlueScript vector with EcoRI and Sau3AI and cloned into EcoRI and BamHI
sites of pET30a vector (Novagen). The CAC1B cDNA clone 180M1T7 (Gen-
Bank accession no. H37386) was obtained from the Arabidopsis Biological
Research Center (Columbus, OH). SalI and NotI were used to subclone the
CAC1B cDNA into pET30a vector. The resulting plasmids were named pET-
CAC1A and pET-CAC1B, respectively. The recombinant proteins resulting
from the expression of these two plasmids were designated as S-tag BCCP1
and S-tag BCCP2, respectively. The presence of S-tag fusion proteins in the
total protein extract was detected by SDS-PAGE and western blotting with
S-protein conjugates (Novagen). The molar concentration of each S-tag fusion
protein was determined by using FRETWorks S-tag assay kit (Novagen).
To quantify the BCCP1 subunit in plants, plant protein extracts and a serial
dilution of the recombinant BCCP1 standard of known concentration were
loaded in a single SDS polyacrylamide gel. After electrophoresis, the proteins
were transferred onto a nitrocellulose membrane. Antiserum of BCCP1 was
used together with ECL chemiluminescent detection system (Amersham
Biosciences) to detect the recombinant protein as well as native BCCP1 in
plant samples. The membrane was exposed to Kodak X-OMAT film. Several
exposures of different length of time were made to generate a signal intensity
within the linear range of the film. The signal intensities of the target bands
were quantified by using ImageJ software (National Institutes of Health,
Bethesda, MD, http://rsb.info.nih.gov/ij/, 1997–2005). Standard curves were
constructed by plotting the intensity of recombinant protein standard against
its concentration. The BCCP1 concentration in each plant sample was deter-
mined from this standard curve. For each plant sample, the entire procedure
was repeated at least twice. The average of the replicate measurements for a
single sample was used as the BCCP1 concentration in that sample. An
identical procedure, but using recombinant BCCP2 protein derived from pET-
CAC1B, and BCCP2 antiserum was used to quantify the BCCP2 subunit.
Fatty Acid Analysis
Extraction and methylation of fatty acids were conducted using the direct
transesterification method (Lewis et al., 2000). Triheptadecanoate was used as
internal standard. Analysis of the fatty acid methyl esters was performed with
a gas chromatograph (model 6890 series, Agilent Technologies), equipped
with a mass detector model 5973 (Agilent Technologies). Chromatography
was conducted with a HP-1 column, using helium as the carrier gas. The
injection temperature was at 300C. The oven temperature was initially at
80C for 2 min and then increased to 150C at a rate of 40C min21. Then the
temperature was ramped to 200C at a rate of 2C min21. After holding this
temperature for 2 min, it was ramped to 300C at a rate of 5C min21 and held
there for 2 min. Peak identification was facilitated by using the HP enhanced
chemical analysis software G1701BA (version B.01.00) with Windows NT
operating system.
Cytological Preparations of Pollen
Pollen was collected from freshly dehiscent anthers of flowers that were
opening or fully open. These flowers (and enclosed pollen) were fixed in
Farmer’s fixative (ethanol:acetic acid, 3:1 [v/v]) and stored in 70% ethanol at
4C. To collect the pollen, fixed or freshly collected anthers were disrupted on
a microscope slide using dissecting needles, and the released pollen grains
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were gently placed under a coverslip for staining. Alternatively, pollen was
collected from three to four open flowers, which were placed in a micro-
centrifuge tube containing 300 mL of stain solution. After briefly vortexing the
mixture, the flowers were removed, and the released pollen grains were
collected by centrifugation. The pollen pellet was transferred to a microscope
slide for viewing by LM and by UV epiillumination.
Five different staining assays were used to compare pollen viability and
germination (Alexander’s stain, iodine-potassium iodide [IKI], DAPI, Aniline
Blue, and Nile Blue). Fixed pollen was stained with Alexander’s stain for 30
min (Alexander, 1969). Alexander’s stain differentially stains viable pollen
grains as dark purple and nonviable pollen grains as either pale green or
splotchy dark purple and pale green. Viable pollen is stained by IKI as dark
red/brownish, while aborted pollen are slightly red. With Nile Blue stain,
aborted pollen appear greenish blue. Aniline Blue (0.1% [w/v] in 0.1 M
phosphate buffer, pH 8.5) was used for viewing pollen tube walls under
epifluorescence. The stain was applied at least 30 min prior to microscopic
examination. To visualize nuclei by UVepiillumination, mature pollen grains
were stained for 1 to 2 h in the dark with DAPI (0.4 mg mL21 DAPI in 0.1 M
sodium phosphate, pH 7, 1 mM EDTA, 0.1% Triton X-100). Stained samples
were examined with bright-field microscopy with a Zeiss Axiovert micro-
scope (Alexander’s stain, IKI, Nile Blue stain), and UV epiillumination was
with a UV filter set for observing the DAPI and Aniline Blue fluorescent stains.
Digital images were acquired using AxioVision software.
In vitro germination of isolated pollen was performed in a medium
containing 30 mg L21 boric acid and 25% Suc. Glass slides were dipped into
this warm medium, and then cooled to form a thin layer on the slide. Pollen
was placed on these slides, and the slides were placed in a sealed box and
incubated overnight at 22C at 100% humidity under continuous illumination.
To determine in vivo germination efficiency, stigmas were cut at the base
and inserted vertically into germination medium (30 mg L21 boric acid, 25%
Suc) in a 9-cm petri dish. Plates were sealed and incubated overnight at 22C,
at 100% humidity, under continuous illumination. For each genotype about
300 to 400 pollen grains deposited from 20 stigmas were analyzed. Pollen
grains were scored and length of pollen tubes measured by direct observation
of plates using a Zeiss Axiovert inverted microscope.
Anthers and the path of pollen tubes inside the pistils were visualized by
fixing whole pistils and staining with Aniline Blue and DAPI. The tissue was
then cleared for 24 h at room temperature with a drop of clearing solution (240
g of chloral hydrate and 30 g of glycerol in 90 mL deionized water). Pollen was
examined with Zeiss Axioplan 2 light microscope and images were captured
with a Zeiss AxioCamHRc digital camera (Carl Zeiss, Inc.) using AxioVision
4.3 software. The microscope was equipped with a DAPI filter set comprised
of an excitation filter (BP 365/12 nm), a beam splitter (395 nm), and an
emission filter (LP 397 nm). The objectives used for imaging were the Neofluar
403 oil, the Apochromat 633 oil, and the Neofluar 1003 oil.
Cytological Preparations of Siliques and Seeds
For differential interference contrast microscopy (Nomarski optics), si-
liques at different stages of development were collected and fixed at room
temperature, under vacuum (15 psi) for 48 h with formalin-acetic acid-alcohol
(prepared by mixing 50 mL of 50% [v/v] ethanol, 10 mL of 37% [v/v]
formalin, 5 mL of acetic acid, and 35 mL of deionized water; Sass, 1958).
Siliques were taken through a series of 50% and 70% ethanol, and stored in
70% ethanol (v/v) at 4C. Fixed siliques were cleared for 1 to 20 h with Herr’s
fluid (85% lactic acid:chloral hydrate:phenol:clove oil:xylene; 2:2:2:2:1, w/w;
Herr, 1971), and then viewed with a Zeiss Axioplan 2 light microscope
equipped with Nomarski optics and a Zeiss AxioCamHRc digital camera
(Carl Zeiss, Inc.).
Developing seed were fixed in ethanol:acetic acid (3:1, v/v) for 1 d,
followed by a partial rehydration series in ethanol. Clearing was obtained
after 24 h in a derivative of Hoyer’s medium (7.5 g gum Arabic, 100 g chloral
hydrate, 5 mL glycerol in 30 mL deionized water). The preparations could
then be conserved at 4C for more than 24 h.
To prepare siliques for confocal scanning laser microscopy (CSLM), si-
liques at different stage of development were collected and fixed under
vacuum with formalin-acetic acid-alcohol, then dehydrated, and stored in
70% ethanol. Siliques were then hydrated in a descending series of ethanol
(50%, 30% ethanol, and deionized water; 20 min per step), and then thor-
oughly washed with deionized water. Modified Kasten’s fluorescent Feulgen
reaction and Kasten’s fluorescent periodic acid-Schiff reaction (Kasten, 1981)
were used to stain nuclei and walls, respectively. For the Feulgen reaction,
siliques were subjected to hydrolysis for 20 min in 6 N HCl at room
temperature, and then rinsed with deionized water. For the periodic acid-
Schiff reaction, siliques were hydrolyzed with 0.5% periodic acid for 25 min at
room temperature, thoroughly rinsed with deionized water, and stained for 20
to 30 min in a 0.1% to 0.25% fluorescent acriflavine-Schiff-type reagent
(Kasten, 1981). The stained siliques were rinsed with deionized water until
very little acriflavine leached out (1–4 h). The siliques were dehydrated in a
graded ethanol series (25% to 100% ethanol, 1 h per step), and cleared in an
ethanol-methyl salicylate series (3:1, 1:1, 1:3), followed by two changes of
100% methyl salicylate; at least 1 h per step. The siliques were mounted in
methyl salicylate on slides, a coverslip was gently added, and siliques were
sealed with nail polish or liquid transparent glue. Slides were stored at 4C to
decrease evaporation prior to viewing. Ovules at each developmental stage
were viewed using a Leica TCS-NT laser-scanning microscope with an
Argon/Krypton laser (the excitation wavelength was 488 nm and 518;
Omnichrome). Images (40–60 1-mm optical images per ovule, the serial
1-mm optical-section images) were collected digitally.
SEM of Flowers/Pollen and Seeds/Ovules
Flowers and siliques were fixed under vacuum (18 psi Hg) for 7 h at room
temperature, and then overnight at 4C with 2% glutaraldehyde, 2% parafor-
maldehyde in 0.1 M sodium cacodylate buffer, pH 7.2. Fixed samples were
washed three times in the same buffer, post fixed in buffered 1% OsO4 for 2 h.
Following two washes with buffer followed by deionized water, the samples
were dehydrated in an ethanol series to absolute ethanol. Samples were
subsequently critical point dried in a DCP-1 Denton critical point-drying
apparatus (Denton Vacuum Inc.), and mounted on aluminum stubs with
double-sided sticky tape and silver cement. For viewing inside the seeds/
ovules, seeds/ovules were fractured using a fine surgery razor blade. Flowers
and seeds/ovules were sputter coated with gold and palladium in a Denton
vacuum LLC desk II cold sputter unit (Denton Vacuum Inc.) for 120 s, and
viewed with JEOL 5800LV SEM (Japan Electron Optics Laboratory) at 10 kV.
For SEM of pollen, released pollen grains were directly mounted on stubs and
sputter coated with gold particles before specimens were examined with an
SEM. All digitally collected images including the LM, CSLM, and SEM images
were processed in Adobe PhotoShop 7.0 and made into plates using Adobe
Illustrator 10.
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